Introduction
============

Whole grains have been widely recognized as healthy foods because of their high content of fiber, antioxidants, and phytochemicals.[@ref1] Human trials have shown the potential of a diet enriched with whole grains in reducing fat mass, increasing resting metabolic rate, promoting negative energy balance, increasing insulin sensitivity, improving the lipid profile, and reducing systemic inflammation.[@ref2] [@ref3] [@ref4] [@ref5] [@ref6] [@ref7] [@ref8] [@ref9] Epidemiological studies have shown inverse associations between consumption of whole grains and the risk of developing several major chronic diseases, including type 2 diabetes, cardiovascular disease, obesity, and some types of cancer.[@ref10] [@ref11] [@ref12] Most of these observational studies so far have characterized intake of whole grains as the sum of whole grain ingredients from all grain containing foods, which might contain various amounts of whole grains and refined grains.[@ref13] Despite a similar proportion of bran and germ (about 13% and 2%, respectively),[@ref14] individual whole grain foods usually contain various amounts of dietary fiber, antioxidants, magnesium, and phytochemicals,[@ref15] [@ref16] [@ref17] which might result in differential effects of different types of whole grain foods on cardiometabolic health. Several prospective cohort studies have shown favorable associations between certain whole grain foods, such as whole grain breakfast cereal and brown rice, on the risk of type 2 diabetes,[@ref18] [@ref19] [@ref20] although associations for other whole grain foods have not been established.

To provide evidence to bridge this knowledge gap, in this study, we prospectively examined the associations between the consumption of several commonly eaten whole grain foods, such as whole grain cold breakfast cereal, oatmeal, dark bread, brown rice, popcorn, wheat germ, and added bran, and the risk of type 2 diabetes, in the Nurses' Health Study, the Nurses' Health Study II, and the Health Professionals Follow-up Study, three large, well characterized cohort studies with diet and other characteristics repeatedly assessed over three decades of follow-up.

Methods
=======

Study population
----------------

The Nurses' Health Study cohort was established in 1976 when 121 700 registered nurses, all women, aged 30-55, completed a questionnaire on their medical history and lifestyle characteristics. The Nurses' Health Study II was initiated in 1989 and included 116 340 eligible women aged 25-42. A questionnaire similar to that used in the Nurses' Health Study was administered at baseline to assess medical history, lifestyle factors, and diet. The Health Professionals Follow-up Study began in 1986 when 51 529 American health professionals, all men, aged 40-75, answered a similar baseline questionnaire. In all three cohorts, similar follow-up questionnaires were sent to the participants to update the information and to identify newly diagnosed type 2 diabetes and other diseases every two years. The cumulative response rates in the three cohorts exceeded 90%.[@ref21] [@ref22]

Here, the study baseline was set at 1984, 1991, and 1986 for the Nurses' Health Study, Nurses' Health Study II, and Health Professionals Follow-up Study, respectively. We excluded participants diagnosed with type 2 diabetes, cardiovascular disease (including non-fatal myocardial infarction, fatal coronary heart disease, and fatal and non-fatal stroke), or cancer at baseline, those who did not return a semiquantitative food frequency questionnaire or had an unusual total energy intake at baseline (\<500 or \>3500 kcal/day for the Nurses' Health Study and Nurses' Health Study II, and \<800 or \>4200 kcal/day for the Health Professionals Follow-up Study; 1 kcal=4.18 kJ=0.00418 MJ), those with unconfirmed type 2 diabetes, and those who completed only the baseline questionnaire. After these exclusions, 69 139 participants from the Nurses' Health Study, 89 120 participants from the Nurses' Health Study II, and 36 525 participants from the Health Professionals Follow-up Study were included in the final analysis. The study protocol was approved by the human research committee of Brigham and Women\'s Hospital and the Harvard TH Chan School of Public Health. Completion and return of study questionnaires implied informed consent of the participants.

Assessment of individual whole grain food consumption
-----------------------------------------------------

In 1984, a 116 item semiquantitative food frequency questionnaire was given to participants in the Nurses' Health Study to collect information on their usual diet in the previous year. The dietary information was updated in 1986 and every four years thereafter with similar but expanded questionnaires. In the Nurses' Health Study II and Health Professionals Follow-up Study, the same semiquantitative food frequency questionnaire was used to collect and update dietary information every four years, from 1991 and 1986, respectively. In the semiquantitative food frequency questionnaires, participants were asked how often, on average, during the previous year they consumed each food item listed in the questionnaire, with a prespecified standard portion size. Nine responses were possible, ranging from never or less than once a month to six or more times a day. The questionnaires asked about intake of several commonly consumed whole grain foods, such as cold breakfast cereals, dark bread, popcorn, oatmeal, bran added to food, wheat germ, and brown rice. Participants were asked to provide information of the types and brand names of their cold breakfast cereal, which was used to match with data provided by cereal manufacturers on the content of whole grains. Cold breakfast cereals with 25% or more whole grain or bran content by weight were considered to be whole grains. Beginning in 2002 for the Nurses' Health Study and the Health Professionals Follow-up Study, and 2003 for the Nurses' Health Study II, we also asked about intake of regular popcorn and light or fat free popcorn in the semiquantitative food frequency questionnaire. Intakes of total whole grains were estimated from all grain containing foods (rice, bread, pasta, and cold breakfast cereals) according to the dry weight of the whole grain ingredients in each food.[@ref13] [@ref23] [@ref24] By definition, foods and ingredients considered whole grains were: whole wheat and whole wheat flour, whole oats and whole oat flour, whole cornmeal and whole corn flour, whole rye and whole rye flour, whole barley, bulgur, buckwheat, brown rice and brown rice flour, popcorn, amaranth, and psyllium.

Validation studies conducted within the Nurses' Health Study and the Health Professionals Follow-up Study showed reasonable validity and reproducibility of the semiquantitative food frequency questionnaire assessments of whole grain foods in these cohorts.[@ref25] Consumption of whole grain foods assessed with two semiquantitative food frequency questionnaires administered 12 months apart were significantly correlated with each other. For example, the Pearson correlation coefficients were 0.57 and 0.71 for dark bread and cold breakfast cereal, respectively. The semiquantitative food frequency questionnaire assessments were also significantly correlated with those assessed with seven day diet records; the correlation coefficients were 0.58 for dark bread and 0.73 for cold breakfast cereal.

Assessment of covariates
------------------------

In the Nurses' Health Study, Nurses' Health Study II, and Health Professionals Follow-up Study, we sent follow-up questionnaires every two yearsto collect and update the occurrence of diseases and many lifestyle and personal risk factors, including smoking status, use of vitamin supplements, alcohol consumption, menopausal status, years of use of postmenopausal hormones (Nurses' Health Study and Nurses' Health Study II only), body weight, physician diagnosed hypertension and hypercholesterolemia, and other variables. Physical activity were repeatedly assessed in the three cohorts. A validated questionnaire on time spent on up to 10 recreational activities was used to derive metabolic equivalent tasks in hours per week.[@ref26] Body mass index was calculated as weight in kilograms divided by the square of height in meters to measure overall obesity. A series of validation studies showed the validity of these self-reported variables.[@ref27] [@ref28] [@ref29] [@ref30] [@ref31] We modified the alternative healthy eating index, a diet score reflecting overall diet quality and predictive of major chronic diseases,[@ref32] by removing the whole grain component.

Assessment of outcomes
----------------------

Those participants with self-reported type 2 diabetes were identified through a follow-up questionnaire. Participants who reported having diabetes were sent a supplementary questionnaire to confirm the diagnosis. Before 1998, diabetes was confirmed if participants met at least one of the criteria of the National Diabetes Data Group[@ref33]: raised glucose concentration (fasting plasma glucose 7.8 mmol/L, random plasma glucose 11.1 mmol/L, or plasma glucose 11.1 mmol/L ≥2 hours after an oral glucose load) and at least one symptom related to diabetes (excessive thirst, polyuria, weight loss, or hunger); no symptoms, but raised concentrations of glucose on at least two occasions; or treatment with insulin or other hypoglycemic drugs. For participants with type 2 diabetes identified after 1998, the cut-off point for fasting plasma concentrations of glucose was lowered to 7.0 mmol/L, according to the criteria of the American Diabetes Association.[@ref34] We also considered a glycated hemoglobin (HbA1c) concentration of 6.5% or more in the diagnostic criteria for confirming participants with type 2 diabetes identified after January 2010.[@ref35] A validation study showed that 97% of participants with self-reported type 2 diabetes confirmed by questionnaire were reconfirmed by review of the medical records.[@ref36] [@ref37] We identified deaths by reports from next of kin or postal authorities, or by searching the national death index.[@ref38] More than 97% of deaths were identified in these cohorts.[@ref38]

Statistical analysis
--------------------

Baseline characteristics are expressed as mean (standard deviation) or median (interquartile range) for continuous variables, and percentages for categorical variables, based on five equal categories total whole grain consumption in each cohort. Person time for each participant was measured from the return date of the baseline food frequency questionnaire to the date of the diagnosis of type 2 diabetes, date of death, date of last return of a valid follow-up questionnaire, or the end of follow-up (2014 for Nurses' Health Study, 2016 for Health Professionals Follow-up Study, and 2017 for Nurses' Health Study II), whichever occurred first. To better represent long term intake and to minimize within person variation, we calculated and used cumulative averages of total whole grains and each whole grain food since baseline.[@ref39] To minimize potential bias resulting from a change in usual diet because of a diagnosis of a chronic disease or condition, we stopped updating dietary information when participants first reported having myocardial infarction, stroke, cancer, hypertension, or hypercholesterolemia.[@ref40] For these participants, we carried forward the cumulative averages of dietary intake before the occurrence of the disease or symptoms to represent diet for subsequent follow-up. Because the proportion of missing values of covariates was low, ranging from 2.4% for body mass index to 5.6% for physical activity, we replaced missing values with the valid values in the most recent follow-up cycle, and otherwise missing indicators were used.

For the primary analysis, a multivariable Cox proportional hazards model was used to calculate hazard ratios and 95% confidence intervals for the associations between individual whole grain foods and total whole grain intake, and the risk of type 2 diabetes. The proportional hazards assumption was evaluated by including an interaction term between whole grain intake and the duration of follow-up. No evidence of violations of the assumption was detected in each cohort (P\>0.05 for all tests). Total whole grain intake was categorized into five equal groups and we used prespecified cut-off levels for ranking consumption of whole grain foods: never or less than one serving a month; one serving a month to one serving a week; and two or more servings a week. For whole grain cold breakfast cereal, dark bread, and popcorn, we used four categories because these foods have relatively higher overall intake: never or less than one serving a month; one serving a month to one serving a week; one serving a week to 4-6 servings a week; and one or more servings a day. The statistical models were adjusted for age (month), ethnicity (white, African American, Asian, other), smoking status (never smoked, past smoker, or currently smoke 1-14 cigarettes/day, 15-24 cigarettes/day, or ≥25 cigarettes/day), alcohol intake (0, 0.1-4.9, 5.0-9.9, 10.0-14.9, 15.0-29.9, and ≥30.0 g/day), multivitamin use (yes, no), physical activity (divided into five equal groups), modified alternative healthy eating index (divided into five equal groups), total energy (divided into five equal groups), family history of diabetes (yes, no), postmenopausal hormone use (women only; never, former, or current hormone use, or missing), and oral contraceptive use (yes, no; women only). Because the time varying body mass index (\<21.0, 21.0-22.9, 23.0-24.9, 25.0-26.9, 27.0-29.9, 30.0-32.9, 33.0-34.9, or ≥35.0) could be both confounder and mediator, we also adjusted for it in a separate model. The continuous variable for each exposure was used to calculate the P value for trend and the hazard ratio of type 2 diabetes for each serving per day of intake. To evaluate the heterogeneous associations in individual whole grain foods with the risk of type 2 diabetes, we conducted a likelihood ratio test by comparing two models after adjusting for other covariates: one with total whole grains only and the other with total whole grains and seven individual whole grain foods in categorical terms. We also calculated the difference in adjusted incidence rate between the highest and lowest groups for total whole grain intake. We first used linear regression to calculate residuals of total whole grain intake after adjusting for the same covariates considered in the Cox regression models. The residuals of whole grain intake were then categorized into five equal groups. We repeated these analyses by each four year interval of follow-up to take into account time varying intake assessments. Lastly, we calculated incidence rate based on the number of patients with diabetes and person years in each of the five groups of residuals and estimated differences (and 95% confidence intervals) in incidence rates.[@ref41] The difference in incidence rate was calculated for each cohort and pooled by the fixed effects model, with weight as the inverse variance of incidence rate difference in each cohort. We also calculated the difference in incidence rate between the extremes of the five categories for total whole grain consumption in participants who were normal weight, overweight, and obese.

Stratified analysis was performed for body mass index, physical activity, smoking status, and family history of diabetes to explore effect modification. Data from the three cohorts were combined. P values for interaction were calculated from likelihood ratio tests comparing the multivariable adjusted model with and without product term between dummy variables of total whole grain intake in the five categories and dummy variables of each stratifying variable. In a secondary analysis, we examined consumption of regular and fat free or light popcorn separately (assessed from 2002 in the Nurses' Health Study and Health Professionals Follow-up Study and from 2003 in the Nurses' Health Study II) in relation to the risk of type 2 diabetes.

To assess the dose-response association between total whole grain intake and individual whole grain foods and the risk of type 2 diabetes, we combined the data from the three cohorts and fitted a cubic spline regression with the same covariates (except for the women only variables) adjusted in the primary analysis. Total whole grain intake was converted to servings by dividing by a factor of 16 (based on the dry weight estimation of serving size).

We conducted several sensitivity analyses to test the robustness of the primary findings. First, we mutually adjusted for the individual whole grain foods to evaluate whether the associations seen for each whole grain food were independent of each other. Second, we used simply updated whole grain food intake or baseline intake instead of the cumulative averaged value to repeat the analysis. Third, we conducted a latency analysis by modeling individual whole grain food intake with the incidence of type 2 diabetes that occurred four years after the reported intake to examine the possibility of reverse causation bias. Fourth, we adjusted for baseline body mass index only to evaluate the effect of potential over adjustment of body mass index during follow-up, which could operate in the causal pathway. Fifth, we used a Markov Chain Monte Carlo based method to impute missing data on total energy (3.1% missing), physical activity (5.6% missing), body mass index (2.7% missing), and smoking status (3.0% missing) before categorizing these variables. Each cohort was imputed separately and we imputed four times to achieve relative efficiencies of more than 99% for each β coefficient. All covariates in the primary analysis were included in the multiple imputation procedures. The β coefficients estimated from imputed datasets in each cohort were combined using Rubin's rule[@ref42] and then meta-analyzed with a fixed effects model to derive pooled hazard ratios and 95% confidence intervals. Lastly, because participants with higher whole grain intake tended to have higher degree of health awareness, which led to more frequent examination of blood glucose, we restricted the analyses to participants with symptomatic type 2 diabetes to look at potential detection bias. In this analysis, patients with diabetes who reported having no symptoms at diagnosis were censored during follow-up. Data from each cohort were analyzed separately and were pooled with a fixed effects model. All statistical tests were two sided with a significant level of 0.05, and were performed with SAS 9.3 (SAS Institute, Cary, NC).

Patient and public involvement
------------------------------

No patients were involved in setting the research question or the outcome measures, nor were they involved in the design and implementation of the study. No patients were asked to advise on interpretation or writing up of results. We did not have the infrastructure, resources, funding, or time to involve the public in study design, result interpretation, or publication.

Results
=======

A total of 18 629 participants with type 2 diabetes were identified and confirmed during 4 618 796 person years of follow-up. The average follow-up time was 24 years. In all three cohorts at baseline, participants with higher total whole grain consumption, on average, were more likely to be white participants, were slightly older, were less likely to be current smokers, were more likely to be leaner and multivitamin users, and were more physically active, compared with participants with a lower intake. They also tended to have a lower prevalence of hypertension and family history of diabetes, higher diet quality, and more frequent screening for fasting glucose ([table 1](#tbl1){ref-type="table"}). The Pearson correlation coefficients for individual whole grain food intake were small to modest, ranging from 0.03 between whole grain breakfast cereal and popcorn, to 0.14 between added oatmeal and brown rice, except that the correlation was relatively higher (r=0.28) between added bran and wheat germ (supplementary table 1).

###### 

Age standardized characteristics of study participants in Nurses' Health Study (1984-2014), Nurses' Health Study II (1991-2017), and Health Professionals Follow-up Study (1986-2016). Data are mean (standard deviation) or percentages, and are standardized to the age distribution of the study population

                                                     Total whole grain consumption (divided into five equal groups)                                                         
  -------------------------------------------------- ---------------------------------------------------------------- ----------------- ----------------- ----------------- -----------------
  **Nurses' Health Study**                                                                                                                                                  
  No of servings/day (median)                        0.1                                                              0.4               0.7               1.1               1.9
  No of participants                                 13 650                                                           13 992            13 878            13 754            13 865
  Age                                                49.6 (6.9)                                                       49.7 (7.0)        50.1 (7.1)        51.0 (7.2)        52.3 (7.2)
  Body mass index at baseline                        25.1 (4.9)                                                       25.1 (4.8)        25.0 (4.6)        24.7 (4.4)        24.2 (4.1)
  Race (%)                                                                                                                                                                  
   White                                             96.9 (n=13 227)                                                  97.9 (n=13 698)   98.1 (n=13 614)   98.1 (n=13 493)   98.3 (n=13 629)
   African American                                  0.2 (n=27)                                                       0.2 (n=28)        0.2 (n=28)        0.2 (n=28)        0.2 (n=28)
   Asian                                             1.2 (n=164)                                                      0.7 (n=98)        0.6 (n=83)        0.5 (n=69)        0.4 (n=55)
   Others                                            1.7 (n=232)                                                      1.2 (n=168)       1.1 (n=153)       1.2 (n=165)       1.1 (n=153)
  Physical activity (MET hours/week; median (IQR))   5.1 (2.0-15.4)                                                   6.9 (2.4-16.6)    7.7 (2.9-18.9)    8.4 (3.1-20.2)    10.0 (3.4-21.5)
  Hypertension (%)                                   9.0 (n=1229)                                                     8.2 (n=1147)      7.4 (n=1027)      7.0 (n=963)       6.6 (n=915)
  High cholesterol (%)                               2.8 (n=382)                                                      2.8 (n=392)       3.0 (n=416)       3.4 (n=468)       3.9 (n=541)
  Current smokers (%)                                36.4 (n=4969)                                                    27.7 (n=3876)     23.4 (n=3247)     19.0 (n=2613)     14.5 (n=2010)
  Family history of diabetes (%)                     29.1 (n=3972)                                                    28.1 (n=3932)     28.5 (n=3955)     27.8 (n=3824)     27.6 (n=3827)
  Multivitamin use (%)                               30.2 (n=4122)                                                    33.9 (n=4743)     36.8 (n=5107)     39.8 (n=5474)     44.1 (n=6114)
  Oral contraceptive use (%)                         47.2 (n=6443)                                                    49.3 (n=6898)     50.1 (n=6953)     50.1 (n=6891)     50.6 (n=7016)
  Hormone use (%)                                                                                                                                                           
   Premenopausal                                     53.2 (n=7262)                                                    53.5 (n=7486)     54.1 (n=7508)     53.6 (n=7372)     53.3 (n=7390)
   Postmenopausal (never)                            26.9 (n=3672)                                                    25.3 (n=3540)     24.1 (n=3345)     22.9 (n=3150)     22.1 (n=3064)
   Postmenopausal (current)                          9.1 (n=1242)                                                     10.7 (n=1497)     11.1 (n=1540)     12.2 (n=1678)     13.7 (n=1900)
   Postmenopausal (previous)                         10.7 (n=1461)                                                    10.6 (n=1483)     10.7 (n=1485)     11.2 (n=1540)     10.9 (n=1511)
  Alcohol consumption (g/day; median (IQR))          3.0 (0.5-12.5)                                                   2.7 (0.5-10.0)    2.5 (0.5-9.3)     2.2 (0.4-8.2)     1.7 (0.0-6.5)
  Modified alternative healthy eating index          42.8 (9.9)                                                       44.2 (9.6)        45.6 (9.8)        46.9 (10.0)       49.5 (10.6)
  Total energy intake (kcal/day)\*                   1708 (552)                                                       1792 (542)        1782 (540)        1778 (522)        1653 (477)
  **Nurses' Health Study II**                                                                                                                                               
  No of servings/day (median)                        0.3                                                              0.7               1.1               1.6               2.5
  No of participants                                 17 877                                                           17 754            17 844            17 764            17 881
  Age                                                36.5 (4.7)                                                       36.5 (4.7)        36.4 (4.7)        36.4 (4.6)        36.9 (4.6)
  Body mass index at baseline                        25.1 (5.9)                                                       24.9 (5.5)        24.7 (5.3)        24.3 (4.9)        23.8 (4.6)
  Race (%)                                                                                                                                                                  
   White                                             94.3 (n=16 858)                                                  96.2 (n=17 079)   97.2 (n=17 344)   97.6 (n=17 338)   97.3 (n=17 398)
   African American                                  0.5 (n=89)                                                       0.6 (n=107)       0.4 (n=71)        0.4 (n=71)        0.6 (n=107)
   Asian                                             3.1 (n=554)                                                      1.5 (n=266)       1.1 (n=196)       0.9 (n=160)       1.0 (n=179)
   Others                                            2.1 (n=375)                                                      1.7 (n=302)       1.3 (n=232)       1.1 (n=195)       1.1 (n=197)
  Physical activity (MET hours/week; median (IQR))   9.4 (3.4-21.8)                                                   11.2 (4.5-24.6)   12.5 (5.2-25.9)   13.8 (5.9-28.2)   16.5 (7.2-32.8)
  Hypertension (%)                                   4.1 (n=733)                                                      3.6 (n=639)       3.2 (n=571)       2.8 (n=497)       2.4 (n=429)
  High cholesterol (%)                               9.9 (n=1770)                                                     9.6 (n=1704)      9.3 (n=1659)      8.9 (n=1581)      8.8 (n=1574)
  Current smokers (%)                                19.4 (n=3468)                                                    14.4 (n=2557)     11.2 (n=1999)     8.5 (n=1510)      7.1 (n=1270)
  Family history of diabetes (%)                     43.1 (n=7705)                                                    42.2 (n=7492)     41.5 (n=7405)     41.6 (n=7390)     39.4 (n=7045)
  Multivitamin use (%)                               36.1 (n=6454)                                                    40.7 (n=7226)     44.1 (n=7869)     47.7 (n=8473)     50.7 (n=9066)
  Oral contraceptive use (%)                         82.5 (n=14749)                                                   84.5 (n=15002)    84.6 (n=15096)    84.3 (n=14975)    83.4 (n=14913)
  Hormone use (%)                                                                                                                                                           
   Premenopausal                                     97.1 (n=17 359)                                                  96.8 (n=17 186)   97.2 (n=17 344)   97.0 (n=17 231)   96.8 (n=17 309)
   Postmenopausal (never)                            0.2 (n=36)                                                       0.2 (n=36)        0.2 (n=36)        0.2 (n=36)        0.2 (n=36)
   Postmenopausal (current)                          2.4 (n=429)                                                      2.7 (n=479)       2.4 (n=428)       2.6 (n=462)       2.7 (n=483)
   Postmenopausal (previous)                         0.3 (n=54)                                                       0.2 (n=36)        0.2 (n=36)        0.2 (n=36)        0.3 (n=54)
  Alcohol consumption (g/day; median (IQR))          0.9 (0.0-3.0)                                                    0.9 (0.0-3.8)     0.9 (0.0-3.7)     0.9 (0.0-3.5)     0.9 (0.0-3.0)
  Modified alternative healthy eating index          41.6 (9.7)                                                       44.0 (9.5)        45.7 (9.7)        47.1 (9.7)        50.7 (10.0)
  Total energy intake (kcal/day)\*                   1770 (578)                                                       1821 (561)        1824 (551)        1820 (526)        1711 (510)
  **Health Professionals Follow-up Study**                                                                                                                                  
  No of servings/day (median)                        0.2                                                              0.6               1.1               1.7               2.8
  No of participants                                 7312                                                             7320              7249              7327              7317
  Age                                                52.4 (9.2)                                                       51.9 (9.3)        52.3 (9.3)        52.7 (9.4)        53.5 (9.5)
  Body mass index at baseline                        25.7 (3.3)                                                       25.8 (3.3)        25.5 (3.3)        25.3 (3.2)        24.7 (2.9)
  Race (%)                                                                                                                                                                  
  White                                              93.2 (n=6814)                                                    95.2 (n=6969)     95.9 (n=6952)     96.9 (n=7100)     95.6 (n=6995)
   African American                                  2.3 (n=168)                                                      2.2 (n=161)       2.2 (n=159)       1.8 (n=132)       2.3 (n=168)
   Asian                                             3.5 (n=256)                                                      1.3 (n=95)        1.0 (n=72)        0.8 (n=59)        1.2 (n=88)
   Others                                            1.0 (n=73)                                                       1.2 (n=88)        0.9 (n=65)        0.5 (n=37)        0.8 (n=59)
  Physical activity (MET hours/week; median (IQR))   7.7 (2.0-21.7)                                                   9.5 (3.0-24.6)    10.9 (3.5-25.5)   12.0 (4.3-27.1)   15.0 (5.3-30.9)
  Hypertension (%)                                   21.2 (n=1550)                                                    19.8 (n=1449)     17.3 (n=1254)     17.1 (n=1253)     17.4 (n=1273)
  High cholesterol (%)                               9.0 (n=658)                                                      9.2 (n=673)       9.6 (n=696)       10.0 (n=733)      12.2 (n=893)
  Current smokers (%)                                17.2 (n=1258)                                                    11.8 (n=864)      8.3 (n=602)       5.8 (n=425)       4.2 (n=307)
  Family history of diabetes (%)                     21.2 (n=1550)                                                    22.2 (n=1625)     21.3 (n=1544)     21.4 (n=1568)     21.0 (n=1537)
  Multivitamin use (%)                               34.8 (n=2545)                                                    37.6 (n=2752)     41.2 (n=2987)     45.1 (n=3304)     50.5 (n=3695)
  Alcohol consumption (g/day; median (IQR))          7.0 (1.0-19.5)                                                   6.7 (1.1-16.7)    6.5 (1.0-16.1)    5.8 (0.9-13.8)    3.9 (0.0-12.2)
  Modified alternative healthy eating index          45.9 (10.6)                                                      48.5 (10.3)       49.9 (10.4)       51.5 (10.5)       54.7 (10.3)
  Total energy intake (kcal/day)\*                   1992 (649)                                                       2039 (644)        2060 (636)        2022 (594)        1883 (555)

IQR=interquartile range; MET=metabolic equivalent task.

1 kcal=4.18 kJ=0.00418 MJ.

After adjusting for body mass index and other lifestyle and dietary risk factors for diabetes, higher total whole grain consumption was consistently associated with a lower risk of type 2 diabetes in all three cohorts ([table 2](#tbl2){ref-type="table"}). In pooled results, comparing the extremes of the five equal categories for total whole grain intake, a 29% (hazard ratio 0.71, 95% confidence interval 0.67 to 0.74, P\<0.001 for trend) lower rate of type 2 diabetes was found. [Table 3](#tbl3){ref-type="table"} shows the associations between consumption of specific whole grain foods and risk of type 2 diabetes. The pooled hazard ratios (95% confidence intervals) comparing participants consuming one or more servings a day with those consuming less than one serving a month were 0.81 (0.77 to 0.86) for whole grain cold breakfast cereal, 0.79 (0.75 to 0.83) for dark bread, and 1.08 (1.00 to 1.17) for popcorn. For other whole grain foods with lower average intake levels, comparing consumption of two or more servings a week with less than one serving a month, the pooled hazard ratios (95% confidence intervals) were 0.79 (0.75 to 0.83) for oatmeal, 0.88 (0.82 to 0.94) for brown rice, 0.85 (0.80 to 0.90) for added bran, and 0.88 (0.78 to 0.98) for wheat germ. Comparing the extremes of the five categories for total whole grain consumption, the incidence rate differences per 100 000 person years were −95 (−112 to −77). Supplementary table 2 shows the results in the individual cohorts. The goodness of fit of the fully adjusted model was significantly improved by also adjusting for individual whole grain foods (Nurses' Health Study, P\<0.001; Nurses' Health Study II, P\<0.001; Health Professionals Follow-up Study, P\<0.001) suggesting potentially heterogeneous associations in different individual whole grain foods with diabetes risk. To test if the significant heterogeneity was driven by the positive association for popcorn, we repeated the likelihood ratio test by removing popcorn in the model and found similar results.

###### 

Adjusted hazard ratios of type 2 diabetes for total whole grain consumption in the Nurses' Health Study (1984-2014), Nurses' Health Study II (1991-2017), and Health Professionals Follow-up Study (1986-2016). Model data are hazard ratio (95% confidence interval)

                                                Total whole grain consumption (divided into five equal groups)   P for trend§          Per serving daily                                                           
  --------------------------------------------- ---------------------------------------------------------------- --------------------- --------------------- --------------------- --------------------- --------- ---------------------
  **Nurses' Health Study**                                                                                                                                                                                         
  No of patients with diabetes/person years     2229/343 880                                                     1855/344 836          1624/344 983          1342/344 421          1120/345 412          ---       ---
  Age adjusted model                            1.00                                                             0.83 (0.78 to 0.88)   0.73 (0.68 to 0.77)   0.60 (0.56 to 0.64)   0.49 (0.46 to 0.53)   \<0.001   0.71 (0.68 to 0.73)
  Multivariable adjusted model\*                1.00                                                             0.85 (0.80 to 0.90)   0.76 (0.72 to 0.82)   0.65 (0.60 to 0.69)   0.55 (0.51 to 0.59)   \<0.001   0.75 (0.73 to 0.78)
  Additionally adjusting for body mass index†   1.00                                                             0.86 (0.81 to 0.91)   0.80 (0.75 to 0.85)   0.71 (0.66 to 0.77)   0.68 (0.63 to 0.73)   \<0.001   0.84 (0.81 to 0.87)
  **Nurses' Health Study II**                                                                                                                                                                                      
  No of patients with diabetes/person years     2156/414 862                                                     1609/415 300          1324/416 443          1079/416 435          904/416 499           ---       ---
  Age adjusted model                            1.00                                                             0.77 (0.72 to 0.82)   0.64 (0.59 to 0.68)   0.52 (0.48 to 0.56)   0.42 (0.39 to 0.45)   \<0.001   0.69 (0.67 to 0.71)
  Multivariable adjusted model\*                1.00                                                             0.87 (0.81 to 0.93)   0.77 (0.72 to 0.82)   0.66 (0.61 to 0.71)   0.57 (0.53 to 0.62)   \<0.001   0.79 (0.77 to 0.82)
  Additionally adjusting for body mass index†   1.00                                                             0.90 (0.84 to 0.96)   0.84 (0.78 to 0.90)   0.76 (0.70 to 0.82)   0.73 (0.68 to 0.80)   \<0.001   0.88 (0.85 to 0.91)
  **Health Professionals Follow-up Study**                                                                                                                                                                         
  No of patients with diabetes/person years     934/162 664                                                      755/163 344           660/162 969           552/163 363           486/163 385           ---       ---
  Age adjusted model                            1.00                                                             0.81 (0.74 to 0.90)   0.71 (0.64 to 0.79)   0.59 (0.53 to 0.66)   0.51 (0.46 to 0.57)   \<0.001   0.81 (0.78 to 0.84)
  Multivariable adjusted model\*                1.00                                                             0.85 (0.77 to 0.93)   0.76 (0.69 to 0.84)   0.65 (0.58 to 0.73)   0.59 (0.53 to 0.66)   \<0.001   0.85 (0.82 to 0.88)
  Additionally adjusting for body mass index†   1.00                                                             0.84 (0.76 to 0.92)   0.81 (0.73 to 0.89)   0.72 (0.65 to 0.80)   0.72 (0.64 to 0.81)   \<0.001   0.91 (0.88 to 0.95)
  **Pooled results‡**                                                                                                                                                                                              
  No of patients with diabetes/person years     5319/921 406                                                     4219/923 480          3608/924 395          2973/924 219          2510/925 296          ---       ---
  Age adjusted model                            1.00                                                             0.80 (0.77 to 0.84)   0.69 (0.66 to 0.72)   0.56 (0.54 to 0.59)   0.47 (0.45 to 0.49)   \<0.001   0.73 (0.72 to 0.74)
  Multivariable adjusted model\*                1.00                                                             0.86 (0.82 to 0.89)   0.76 (0.73 to 0.80)   0.65 (0.62 to 0.68)   0.57 (0.54 to 0.60)   \<0.001   0.80 (0.78 to 0.81)
  Additionally adjusting for body mass index†   1.00                                                             0.87 (0.84 to 0.91)   0.82 (0.78 to 0.85)   0.73 (0.70 to 0.77)   0.71 (0.67 to 0.74)   \<0.001   0.88 (0.86 to 0.89)

Adjusted for age (years), ethnicity (white, African American, Asian, others), smoking status (never smoked, past smoker, currently smoke 1-14 cigarettes/day, 15-24 cigarettes/day, or ≥25 cigarettes/day), alcohol intake (0, 0.1-4.9, 5.0-9.9, 10.0-14.9, 15.0-29.9, and ≥30.0 g/day), multivitamin use (yes, no), physical activity (divided into five equal groups), modified alternative healthy eating index (divided into five equal groups), and family history of diabetes. For women, postmenopausal hormone use (never, former, or current hormone use, or missing), and oral contraceptive use were further adjusted.

Additionally adjusted for time varying body mass index (\<21.0, 21.0-22.9, 23.0-24.9, 25.0-26.9, 27.0-29.9, 30.0-32.9, 33.0-34.9, or ≥35.0).

Study estimates from three cohorts were pooled with a fixed effects model.

Calculated with continuous exposure variables.

###### 

Adjusted hazard ratios of type 2 diabetes for individual whole grain food consumption in the Nurses' Health Study (1984-2014), Nurses' Health Study II (1991-2017), and Health Professionals Follow-up Study (1986-2016). Model data are hazard ratio (95% confidence interval)

                                                Consumption level   P for trend‡          Per serving daily                                     
  --------------------------------------------- ------------------- --------------------- --------------------- --------------------- --------- ---------------------
  **Whole grain cold breakfast cereal**                                                                                                         
  No of patients with diabetes/person time      6948/1 385 562      4113/919 380          5571/1 664 324        1997/649 531          ---       ---
  Multivariable adjusted model\*                1.00                0.92 (0.89 to 0.96)   0.67 (0.65 to 0.70)   0.66 (0.63 to 0.70)   \<0.001   0.62 (0.59 to 0.65)
  Additionally adjusting for body mass index†   1.00                0.93 (0.89 to 0.97)   0.75 (0.73 to 0.78)   0.81 (0.77 to 0.86)   \<0.001   0.78 (0.74 to 0.82)
  **Dark bread**                                                                                                                                
  No of patients with diabetes/person time      2559/490 667        4117/916 951          6376/1 728 628        5577/1 482 551        ---       ---
  Multivariable adjusted model\*                1.00                0.94 (0.90 to 0.99)   0.77 (0.73 to 0.80)   0.78 (0.74 to 0.82)   \<0.001   0.91 (0.89 to 0.93)
  Additionally adjusting for body mass index†   1.00                0.91 (0.87 to 0.96)   0.78 (0.75 to 0.82)   0.79 (0.75 to 0.83)   \<0.001   0.93 (0.91 to 0.95)
  **Popcorn**                                                                                                                                   
  No of patients with diabetes/person time      4487/1 093 043      8979/2 323 828        4221/1 025 642        942/176 283           ---       ---
  Multivariable adjusted model\*                1.00                1.06 (1.03 to 1.11)   1.09 (1.04 to 1.14)   1.46 (1.35 to 1.57)   \<0.001   1.25 (1.20 to 1.30)
  Additionally adjusting for body mass index†   1.00                0.96 (0.92 to 1.00)   0.92 (0.87 to 0.96)   1.08 (1.00 to 1.17)   0.002     1.07 (1.03 to 1.12)
  **Oatmeal**                                                                                                                                   
  No of patients with diabetes/person time      9723/2 248 899      6821/1 685 499        2085/684 398          ---                   ---       ---
  Multivariable adjusted model\*                1.00                0.94 (0.91 to 0.97)   0.69 (0.66 to 0.72)   ---                   \<0.001   0.56 (0.49 to 0.63)
  Additionally adjusting for body mass index†   1.00                0.95 (0.92 to 0.98)   0.79 (0.75 to 0.83)   ---                   \<0.001   0.75 (0.66 to 0.84)
  **Brown rice**                                                                                                                                
  No of patients with diabetes/person time      11 861/2 610 337    5855/1 684 788        913/323 671           ---                   ---       ---
  Multivariable adjusted model\*                1.00                0.93 (0.90 to 0.96)   0.79 (0.74 to 0.85)   ---                   \<0.001   0.72 (0.61 to 0.86)
  Additionally adjusting for body mass index†   1.00                0.96 (0.93 to 0.99)   0.88 (0.82 to 0.94)   ---                   0.11      0.87 (0.74 to 1.03)
  **Added bran**                                                                                                                                
  No of patients with diabetes/person time      15 419/3 634 960    1989/566 549          1221/417 288          ---                   ---       ---
  Multivariable adjusted model\*                1.00                0.88 (0.84 to 0.92)   0.72 (0.68 to 0.77)   ---                   \<0.001   0.78 (0.72 to 0.84)
  Additionally adjusting for body mass index†   1.00                0.93 (0.89 to 0.98)   0.85 (0.80 to 0.90)   ---                   0.002     0.90 (0.84 to 0.96)
  **Wheat germ**                                                                                                                                
  No of patients with diabetes/person time      17 399/4 189 252    914/303 909           316/125 634           ---                   ---       ---
  Multivariable adjusted model\*                1.00                0.83 (0.77 to 0.88)   0.68 (0.61 to 0.76)   ---                   \<0.001   0.61 (0.50 to 0.73)
  Additionally adjusting for body mass index†   1.00                0.92 (0.86 to 0.99)   0.88 (0.78 to 0.98)   ---                   0.14      0.88 (0.74 to 1.04)

Adjusted for age (years), ethnicity (white, African American, Asian, others), smoking status (never smoked, past smoker, currently smoke 1-14 cigarettes/day, 15-24 cigarettes/day, or ≥25 cigarettes/day), alcohol intake (0, 0.1-4.9, 5.0-9.9, 10.0-14.9, 15.0-29.9, and ≥30.0 g/day), multivitamin use (yes, no), physical activity (divided into five equal groups), modified alternative healthy eating index (divided into five equal groups), and family history of diabetes. For women, postmenopausal hormone use (never, former, or current hormone use, or missing), and oral contraceptive use were further adjusted. Study estimates from three cohorts were pooled with a fixed effects model.

Additionally adjusted for time varying body mass index (\<21.0, 21.0-22.9, 23.0-24.9, 25.0-26.9, 27.0-29.9, 30.0-32.9, 33.0-34.9, or ≥35.0).

Calculated with continuous exposure variables.

In the cubic spline model adjusted for the same covariates in [table 2](#tbl2){ref-type="table"}, we saw a non-linear inverse association between consumption of total whole grains and the risk of type 2 diabetes ([fig 1](#f1){ref-type="fig"}; P\<0.001 for non-linearity). The rate reduction slightly plateaued at consumption of more than two servings a day of total whole grains. For total whole grains excluding the contribution from popcorn, we found a similar significant P value for non-linearity (P\<0.001), although the non-linear pattern was less apparent ([fig 1](#f1){ref-type="fig"}; P\<0.001 for non-linearity). For individual whole grain foods, non-linear associations were seen for consumption of whole grain breakfast cereal and dark bread, and the risk of diabetes, where the rate reduction plateaued at about 0.5 servings a day ([fig 1](#f1){ref-type="fig"}; P\<0.001 for non-linearity). A non-linear association was also found between popcorn intake and risk of type 2 diabetes: the rate of diabetes was significantly lower at consumption of one serving a week of popcorn, beyond which the rate of diabetes monotonically increased and reached statistical significance at about one serving a day ([fig 1](#f1){ref-type="fig"}; P\<0.001 for non-linearity). This result was consistent with our observation that participants who consumed one to six servings a week of popcorn had an 8% (95% confidence interval 4% to 13%) lower rate of type 2 diabetes than non-consumers (\<1 serving/month; [table 3](#tbl3){ref-type="table"}). The associations for other whole grain foods seemed to be more linear.

![Multivariable adjusted, pooled, dose-response associations between total whole grain intake and risk of type 2 diabetes in the Nurses' Health Study (1984-2014), Nurses' Health Study II (1991-2017), and Health Professionals Follow-up Study (1986-2016). Data from three cohorts were combined and truncated at the 0.5th and 99.5th centiles. (A) Consumption of total whole grains, 0.03-5.0 servings/day, (B) consumption of total whole grains excluding popcorn, 0-4.8 servings/day, (C) consumption of whole grain cold breakfast cereal, 0-1.65 servings/day, (D) consumption of dark bread, 0-4.3 servings/day, and (E) consumption of popcorn, 0-1.8 servings/day. Hazard ratios were adjusted for age (years), ethnicity (white, African American, Asian, others), body mass index (\<21.0, 21.0-22.9, 23.0-24.9, 25.0-26.9, 27.0-29.9, 30.0-32.9, 33.0-34.9, or ≥35.0), smoking status (never smoked, past smoker, current smoker of 1-14 cigarettes/day, 15-24 cigarettes/day, or ≥25 cigarettes/day), alcohol intake (0, 0.1-4.9, 5.0-9.9, 10.0-14.9, 15.0-29.9, and ≥30.0 g/day), multivitamin use (yes, no), physical activity (divided into five equal groups), modified alternative healthy eating index (divided into five equal groups), and family history of diabetes. P\<0.001 for non-linearity for all parts](huy052560.f1){#f1}

In the stratified analysis that adjusted for the same covariates in [table 2](#tbl2){ref-type="table"}, the inverse associations between total whole grain intake and the risk of type 2 diabetes seemed to be stronger in participants who were lean or overweight compared with participants who were obese (P=0.003 for interaction) whereas we found no significant effect modification for smoking status, physical activity, or family history of diabetes ([table 4](#tbl4){ref-type="table"}).

###### 

Adjusted hazard ratios of type 2 diabetes for total whole grain consumption, stratified by body mass index, family history of diabetes, physical activity, and smoking status\*†. Data are hazard ratio (95% confidence interval)

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                            Total whole grain consumption (divided into five equal groups)   P for interaction‡                                                                      
  --------------------------------------------------------- ---------------------------------------------------------------- --------------------- --------------------- --------------------- --------------------- --------
  **Body mass index**                                                                                                                                                                                                

  \<25                                                      1.00                                                             0.75 (0.64 to 0.88)   0.69 (0.59 to 0.81)   0.70 (0.59 to 0.82)   0.55 (0.46 to 0.66)   0.003\

  25-30                                                     1.00                                                             0.85 (0.77 to 0.94)   0.80 (0.72 to 0.88)   0.65 (0.59 to 0.73)   0.66 (0.59 to 0.74)   

  ≥30                                                       1.00                                                             0.93 (0.87 to 0.98)   0.85 (0.80 to 0.91)   0.79 (0.74 to 0.85)   0.77 (0.71 to 0.83)   

  **Physical activity (divided into three equal groups)**                                                                                                                                                            

  Group 1                                                   1.00                                                             0.90 (0.84 to 0.96)   0.84 (0.78 to 0.90)   0.74 (0.68 to 0.80)   0.73 (0.67 to 0.80)   0.27\
                                                                                                                                                                                                                     \

  Group 2                                                   1.00                                                             0.90 (0.82 to 0.99)   0.81 (0.74 to 0.89)   0.78 (0.71 to 0.86)   0.73 (0.65 to 0.81)   

  Group 3                                                   1.00                                                             0.82 (0.73 to 0.92)   0.75 (0.67 to 0.84)   0.68 (0.60 to 0.77)   0.65 (0.57 to 0.74)   

  **Smoking status**                                                                                                                                                                                                 

  Never smokers                                             1.00                                                             0.89 (0.83 to 0.95)   0.83 (0.77 to 0.89)   0.76 (0.71 to 0.82)   0.71 (0.66 to 0.77)   0.20\
                                                                                                                                                                                                                     \

  Past smokers                                              1.00                                                             0.85 (0.78 to 0.92)   0.79 (0.73 to 0.86)   0.71 (0.65 to 0.77)   0.65 (0.59 to 0.71)   

  Current smokers                                           1.00                                                             0.94 (0.80 to 1.09)   0.88 (0.74 to 1.05)   0.72 (0.59 to 0.88)   0.87 (0.69 to 1.10)   

  **Family history of diabetes**                                                                                                                                                                                     

  No                                                        1.00                                                             0.92 (0.86 to 0.99)   0.82 (0.76 to 0.89)   0.77 (0.70 to 0.83)   0.72 (0.66 to 0.79)   0.76\

  Yes                                                       1.00                                                             0.86 (0.81 to 0.92)   0.81 (0.75 to 0.86)   0.73 (0.68 to 0.78)   0.70 (0.65 to 0.76)   
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Adjusted for same covariates as in main analysis except for the stratification variable. Continuous body mass index and physical activity were adjusted to minimize residual confounding.

Data from three cohorts were combined for stratified analysis.

Calculated from the likelihood ratio test comparing multivariable adjusted model with and without the product terms, between dummy variables of total whole grain intake in groups and dummy variables of each stratifying variable.

In a secondary analysis that examined regular and light or fat free popcorn separately, comparing participants with two or more servings a week with those consuming less than one serving a month, we found no significant associations for either type of popcorn, except for a borderline statistically significant P value for trend (P=0.06) for consumption of the light or fat free popcorn (supplementary table 3).

After mutual adjustment for individual whole grain foods, the estimates were reduced but remained statistically significant except for the association for wheat germ which was no longer statistically significant (supplementary table 4). With baseline dietary information or simply updated intake, adding a four year lag between dietary assessments and incidence of diabetes, or adjusting for baseline body mass index, produced similar results (supplementary table 5), except that the association for wheat germ was not statistically significant with the simply updated value. Restricting to participants with symptomatic type 2 diabetes resulted in similar estimates for most whole grain foods (supplementary table 6). With imputed values of missing covariates, we also found similar results (supplementary table 7).

Discussion
==========

Principal findings
------------------

Findings from three prospective cohorts showed that higher total whole grain intake was significantly associated with a lower risk of type 2 diabetes. Although these inverse associations were seen for most individual whole grain foods, we also found an elevated increased rate of type 2 diabetes associated with consumption of one of more servings of popcorn a day. The association for individual whole grain foods seemed to be independent of other whole grain foods, except for wheat germ. Dose-response analyses showed that the rate reduction plateaued at high intake levels for total whole grains, and whole grain cold breakfast cereal and dark bread, whereas a J shaped association was found for popcorn intake where the rate of diabetes did not increase until intake exceeded about one serving of popcorn a day.

Comparison with other studies
-----------------------------

The inverse association between higher whole grain consumption and risk of type 2 diabetes has been found in previous studies. A meta-analysis of prospective cohort studies showed that total whole grain consumption was associated with a lower risk of type 2 diabetes.[@ref43] Moreover, this meta-analysis showed that a higher intake of several whole grain foods, including whole grain bread, whole grain breakfast cereals, wheat bran, and brown rice, were associated with a similar risk reduction in type 2 diabetes. Data for other types of whole grain foods in this meta-analysis were sparse, however, and no previous studies were specifically designed to examine the associations with individual whole grain foods. Because individual whole grain foods contain various amounts of dietary fiber, magnesium, antioxidants, and phytochemicals, they might have distinct associations with the risk of type 2 diabetes.[@ref44] For example, on average, raw oat bran has 14.5 g of total dietary fiber per cup (95 g dry weight), but one cup (185 g) of brown rice only contains 6.66 g of fiber.[@ref45] Similarly, magnesium is richest in raw oat bran (\>300 mg/100 g) and wheat germ (235 mg/100 g), and poorest in rye bread (40 mg/100 g) and brown rice (39 mg/100 g), with breakfast cereal, oatmeal, and popcorn in the middle (100-150 mg/100 g).[@ref45] Also, heterogeneous glycemic properties in individual whole grains might also exert differential health effects on glucose metabolism as a higher glycemic index was associated with an increased risk of type 2 diabetes.[@ref46] For example, the average glycemic index is 42 for whole grain cold breakfast cereal, 55 for oatmeal and brown rice, and 27-70 for whole grain bread, depending on the ingredients (eg, barley, buckwheat, oats, rye), whereas popcorn has the highest glycemic index value of 72.[@ref47] In our analysis, we showed that consumption of the most commonly eaten whole grain foods was associated with a lower risk of type 2 diabetes, but excess popcorn consumption was associated with a higher risk of type 2 diabetes. The statistically significant P values from the goodness of fit tests across the three cohorts, even after removing popcorn, suggested potential heterogeneous effects in individual whole grain foods with the risk of type 2 diabetes. Nevertheless, this finding should be interpreted with caution because of similar effect estimates for most individual whole grain foods. The highly statistically significant P values could be because of the abundant statistical power in the three cohorts.

In our analysis, we saw a non-linear dose-response association between total whole grain intake and diabetes. This observation is consistent with previous studies collectively suggesting that the rate reduction of diabetes might plateau at two to three servings a day.[@ref43] Similar non-linear associations were also seen for two whole grains foods, whole grain cold breakfast cereal and dark bread, where intake levels were relatively higher than other whole grains. A J shaped association was found for popcorn intake in relation to the risk of type 2 diabetes; the rate reduction for diabetes reached nadir at about one serving of popcorn a week, above which the rate monotonically increased and reached statistical significance at around one serving a day. This J shaped association of popcorn intake with the risk of diabetes might partially account for the non-linear association for total whole grains, which became more linear when we removed popcorn from the calculation of total whole grain intake. Nonetheless, these non-linear associations for individual whole grain foods deserve further investigation.

Potential reasons for the J shaped association between popcorn intake and the risk of diabetes warrants further discussion. Popcorn is a popular food in the United States; Americans consume, on average, 15 billion quarts of popcorn annually, 70% of which is home popped and prepopped.[@ref48] Popcorns, as a whole grain food, are known to contain relatively higher amounts of fiber and have a higher satiety index than other commonly consumed snacks, such as potato chips.[@ref49] [@ref50] Unhealthful ingredients, such as salt, butter, and sugar, are often added during commercial processing of popcorns, however, and thus many brands of popcorns sold in United States are classified as ultraprocessed foods.[@ref51] [@ref52] [@ref53] A pilot study conducted in 675 participants in our cohorts showed that 58%, 32%, and 10% of the popcorns consumed were microwaved, home popped, and ready-to-eat types, respectively. Also, most popcorn consumed by the participants was prepared with butter, cheese, salt, or sugar (supplementary table 8). Other unhealthy ingredients could include trans fatty acids,[@ref54] which are associated with a significantly increased risk of type 2 diabetes.[@ref55] Moreover, studies have shown that microwave popcorn packaging contains perfluoroalkyl substances, a group of anthropogenic chemicals with endocrine disrupting properties, which can contaminate popcorn.[@ref56] [@ref57] Several studies showed that these compounds were associated with poor glucose metabolism,[@ref58] [@ref59] weight gain,[@ref60] and an increased risk of type 2 diabetes.[@ref61] Previous research showed that higher popcorn intake was often correlated with a snacking pattern that is associated with weight gain[@ref62] and a risk of diabetes.[@ref63] Collectively, these findings suggest that at high intake levels of popcorn, such as those exceeding one serving a day, the beneficial effects of whole grain ingredients in popcorn might be outweighed by unhealthy constituents introduced during the processing of popcorns.

An interesting finding in the subgroup analysis was a relatively weaker inverse association between total whole grain intake and the risk of type 2 diabetes in participants who were obese compared with participants who were lean or overweight. Participants who were obese might have had a high risk profile characterized by chronic inflammation, dyslipidemia, hypertension, and insulin resistance, which could partially offset the beneficial effects of whole grain intake on glucose metabolism. Given the much higher risk of developing type 2 diabetes in individuals who are obese, the relatively weaker relative risk might still be translated into a substantial reduction in the absolute rate in this high risk group of participants. Our data showed that the adjusted incidence rate difference per 100 000 person years (95% confidence interval) between the highest and lowest categories for total whole grain consumption was −29 (−40 to −18) in participants with normal weight, −126 (−157 to −95) in participants who were overweight, and −170 (−254 to −86) in participants who were obese. Moreover, our data showed that participants who were obese, on average, consumed more popcorn than their non-obese counterparts (0.15 servings/day, 0.17 servings/day, and 0.20 servings/day for participants who were lean, overweight, and obese, respectively) whereas their consumption levels for other whole grain foods were either similar or lower (data not shown). This disproportional higher consumption of popcorns in participants who were obese might also contribute to the weaker association of whole grain intake with the risk of type 2 diabetes. Lastly, given a borderline significant P value and potential multiple testing issues in the stratified analysis, we cannot rule out the possibility of a chance finding for this effect modification by body mass index.

Strengths and weaknesses of the study
-------------------------------------

The strengths of our study include the use of data from three large cohort studies with long term follow-ups, comprehensive, repeated assessments of diet and potential confounders, and high follow-up rates. Also, along with total whole grains, our study included seven commonly consumed individual whole grain foods and assessed their associations with the risk of type 2 diabetes. Moreover, we conducted a series of sensitivity analyses to show the robustness of the findings.

Potential limitations warrant consideration. First, although we adjusted for many lifestyle practices and diet quality, residual or unmeasured confounding cannot be excluded in observational studies. Second, multiple comparisons could result in false positive results because we examined the associations for seven whole grain foods simultaneously. Our main results remained statistically significant for most whole grain foods, however, even after adjusting for the multiplicity with the conservative Bonferroni correction, and the consistent associations across three cohorts made the chance findings less likely. Lastly, our observations might largely relate to white health professionals and lack generalizability to other populations with different characteristics.

Conclusion and policy implications
----------------------------------

In conclusion, higher consumption of total whole grains and the most commonly consumed whole grain foods was significantly associated with a lower risk of type 2 diabetes. These findings provide further support for the current recommendations that promote increased consumption of whole grain as part of a healthy diet for the prevention of type 2 diabetes.

### What is already known on this topic

1.  Consumption of total whole grains has been consistently associated with a lower risk of type 2 diabetes

2.  Associations between consumption of individual whole grain foods and the risk of type 2 diabetes, however, are less explored

### What this study adds

1.  Compared with the lowest intake group, the highest consumption levels of several commonly eaten whole grain foods, including whole grain breakfast cereal, oatmeal, dark bread, brown rice, added bran, and wheat germ, were significantly associated with a lower risk of type 2 diabetes

2.  Dose-response analyses showed that the risk reduction for type 2 diabetes plateaued at about 0.5 servings a day for whole grain cold breakfast cereal and dark bread

3.  A J shaped association was found for popcorn intake where the risk of type 2 diabetes was not significantly raised until consumption exceeded about one serving a day
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